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Multicolor Flow Cytometric Analysis of Cryopreserved Bovine Sperm: A Tool for the 
Evaluation of Bull Fertility 
 
The study aimed at the analysis of the functional status of cryopreserved bovine sperm using 
multicolor flow cytometry and the evaluation of sperm functional traits as predictors of bull 
fertility through a retrospective fertility study. For this purpose, 20 Holstein-Friesian bulls 
serving as mature sperm donors in an artificial insemination (AI) center were selected based 
on their annual 56-day non-return rate (NRR, %) and were accordingly classified as high (HF; 
nHF=10 bulls) or low fertility bulls (LF; nLF=10 bulls). Four to five cryopreserved ejaculates 
per bull (91 ejaculates in total) were examined immediately after thawing (0h) and after a 3-
hour incubation at 38°C (3h). A panel of five fluorochromes including calcein violet, 
propidium iodide, the pycoerythrin-conjugated lectin of Arachis hypogea, Fluo-4, and the 
cyanine dye DiIC1(5) was configured by means of a three-laser flow cytometer, in order to 
simultaneously assess sperm esterase activity, plasma membrane integrity, acrosomal status, 
intracellular Ca2+ levels, and mitochondrial membrane potential, respectively. The ability of 
viable sperm to retain low Ca2+ levels differed between bulls of diverse fertility. Applying the 
Random ForestTM ensemble learning method, approximately two thirds of ejaculates could be 
correctly assigned to their fertility group based on data of the multicolor assay.  
 
bull; sperm; fertility; multicolor; flow cytometry 
 
Ziel der Studie war die Untersuchung des Funktionsstatus von kryokonserviertem 
Bullensperma mittels Multicolor – Durchflusszytometrie sowie die Überprüfung der Relevanz 
der Funktionsparameter zur Vorhersage der Bullenfertilität durch die retrospektive Analyse 
von Fertilitätsdaten. Dazu wurden 20 Holstein-Friesian Bullen einer Besamungsorganisation 
basierend auf ihrer 56–Tage Non Return Rate (NRR, %) ausgewählt und klassifiziert als 
hoch-fertil (HF; nHF=10 Bullen) oder gering-fertil (LF; nLF=10 Bullen). Vier bis fünf 
kryokonservierte Ejakulate pro Bulle (total 91 Ejakulate) wurden direkt nach dem 
Auftauprozess (0h) sowie nach einer dreistündigen Inkubationszeit bei 38°C (3h) untersucht. 
Die Kombination der fünf Fluoreszenzfarbstoffe Calcein Violet, Propidium Iodide,  
Pycoerythrin-konjugiertes Lektin von Arachis hypogea, Fluo-4 und der Cyaninfarbstoff 
DiIC1(5) wurde konfiguriert mittels eines drei-Laser Durchflusszytometers für die 
gleichzeitige Bestimmung der Esterasen-Aktivität, Plasmamembran-Intaktheit, des 
Akrosomstatus, intrazellulären Ca2+ Gehalts und des Mitochondrienmembranpotentials. Die 
Fähigkeit von lebenden Spermien, ihren tiefen intrazellulären Ca2+ – Gehalt 
aufrechtzuerhalten, unterschied sich zwischen den Bullen unterschiedlicher Fertilitätsgruppen. 
Basierend auf Ergebnissen des Random Forest Klassifikationsverfahrens können etwa zwei 
Drittel der Ejakulate mittels Daten des Multicolor-Assays korrekt ihrer Fertilitätskategorie 
zugeordnet werden.  
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aa Sperm trait Fixed effect Estimate of b coefficient SEM DF t value P value
(Intercept ) 54.91 1.79 89 30.74 <0.01
Fertility 0.33 2.53 18 0.13 0.90
Incubation -11.97 1.00 89 -11.93 <0.01
Fertility  × Incubation -5.16 1.43 89 -3.62 <0.01
(Intercept ) 60.65 1.95 89 31.05 <0.01
Fertility 1.77 2.76 18 0.64 0.53
Incubation -10.68 0.85 89 -12.61 <0.01
Fertility  × Incubation -5.67 1.20 89 -4.71 <0.01
(Intercept ) 59.02 2.03 89 29.12 <0.01
Fertility 2.27 2.87 18 0.79 0.44
Incubation -14.74 0.90 89 -16.34 <0.01
Fertility  × Incubation -5.84 1.28 89 -4.55 <0.01
(Intercept ) 55.01 1.79 89 30.73 <0.01
Fertility 0.50 2.53 18 0.20 0.85
Incubation -10.95 0.89 89 -12.30 <0.01
Fertility  × Incubation -5.06 1.27 89 -3.99 <0.01
(Intercept ) 59.74 2.11 89 28.30 <0.01
Fertility 2.87 2.99 18 0.96 0.35
Incubation -13.17 0.98 89 -13.50 <0.01
Fertility  × Incubation -5.96 1.39 89 -4.30 <0.01
(Intercept ) 54.44 1.66 89 32.83 <0.01
Fertility -5.94 2.35 18 -2.53 0.02
Incubation -13.70 1.19 89 -11.49 <0.01
Fertility  × Incubation 1.73 1.70 89 1.02 0.31
(Intercept ) 45.80 1.87 89 24.52 <0.01
Fertility -0.85 2.64 18 -0.32 0.75
Incubation -11.73 1.43 89 -8.24 <0.01
Fertility  × Incubation -4.90 2.03 89 -2.42 0.02
(Intercept ) 56.82 1.99 89 28.57 <0.01
Fertility 2.20 2.81 18 0.78 0.45
Incubation -13.68 0.94 89 -14.49 <0.01
Fertility  × Incubation -5.46 1.34 89 -4.06 <0.01
(Intercept ) 52.09 1.71 89 30.40 <0.01
Fertility -0.66 2.42 18 -0.27 0.79
Incubation -15.62 0.97 89 -16.12 <0.01
Fertility  × Incubation -3.45 1.38 89 -2.50 0.01
(Intercept ) 48.02 1.58 89 30.33 <0.01
Fertility -3.56 2.24 18 -1.59 0.13
Incubation -12.06 0.89 89 -13.49 <0.01
Fertility  × Incubation -1.86 1.27 89 -1.46 0.15
(Intercept ) 47.81 1.60 89 29.90 <0.01
Fertility -3.07 2.26 18 -1.36 0.19
Incubation -12.64 0.86 89 -14.69 <0.01
Fertility  × Incubation -2.14 1.22 89 -1.75 0.08
(Intercept ) 48.19 1.60 89 30.12 <0.01
Fertility -3.20 2.26 18 -1.41 0.17
Incubation -14.72 0.85 89 -17.35 <0.01
Fertility  × Incubation -1.37 1.21 89 -1.13 0.26
(Intercept ) 47.75 1.52 89 31.35 <0.01
Fertility -3.00 2.16 18 -1.39 0.18
Incubation -15.25 1.01 89 -15.08 <0.01
Fertility  × Incubation -0.68 1.44 89 -0.47 0.64
(Intercept ) 84.96 1.16 89 73.37 <0.01
Fertility -0.64 1.64 18 -0.39 0.70
Incubation -1.39 0.88 89 -1.57 0.12
Fertility  × Incubation 0.29 1.26 89 0.23 0.82
(Intercept ) 94.79 0.85 89 111.01 <0.01
Fertility -1.64 1.21 18 -1.36 0.19
Incubation -10.27 0.95 89 -10.84 <0.01
Fertility  × Incubation 2.15 1.35 89 1.60 0.11
(Intercept ) 87.52 1.45 89 60.40 <0.01
Fertility -6.71 2.05 18 -3.27 <0.01
Incubation -4.15 1.05 89 -3.95 <0.01
Fertility  × Incubation 3.14 1.49 89 2.11 0.04
(Intercept ) 88.00 1.66 89 53.10 <0.01
Fertility -5.98 2.35 18 -2.55 0.02
Incubation -10.74 1.60 89 -6.70 <0.01
Fertility  × Incubation 3.95 2.28 89 1.73 0.09
(Intercept ) 81.14 1.98 89 41.00 <0.01
Fertility -7.78 2.80 18 -2.78 0.01
Incubation -1.64 1.09 89 -1.51 0.14
Fertility  × Incubation 1.68 1.55 89 1.08 0.28
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Supplementary Table S4. Parameters of the linear mixed-effects model applied to evaluate the fixed effect of fertility  (low fertility, high 
fertility), incubation  (0 hours and 3 hours post-thaw) and their interaction term fertility  × incubation  on 18 flow cytometrically assessed 
sperm traits of 91 cryopreserved bovine ejaculates. The percentage of sperm showing a combination of two or more of the following 
characteristics was evaluated through multicolor flow cytometry: high esterase activity (Cpos), intact plasma membrane (PIneg), unstained 
acrosome (PNAneg), low intracellular Ca2+ levels (Fneg), high mitochondrial membrane potential (Mpos). The relative size of each sperm 
sub-population was computed in relation to the total sperm population examined; the % size of sperm sub-populations including a slash (/) 
was calculated relative to the super-ordinary population described after the slash symbol. The estimated b coefficient, the respective error of 
the mean (SEM), the denominator degrees of freedom (DF), the ratio between the estimate of coefficient b and its SEM (t value), and the 
associated P value from a t distribution are presented for the intercept and fixed effects of each model; the groups "high fertility" and "0 
hours" were set as baseline for the factors fertility  and incubation,  respectively
PInegCpos
PInegPNAneg
Fneg/PInegMpos
FnegMpos/PInegPNAneg
Fneg/PInegPNAneg
Mpos/PInegPNAneg
Cpos/PInegPNAneg
MposPNAneg
PNAnegFneg
CposFneg
CposMpos
CposPNAneg
PInegMpos
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